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Structural Basis of Collagen Recognition
by Integrin a2b1
Nine a subunits (a1, a2, a10, a11, aD, aE, aL, aM,
and aX) contain an additional domain (ªAº or ªIº) that is
inserted into the head region, where it plays a central
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quired for ligand binding, and are thus likely to form the
ligand contact sites (Michishita et al., 1993; Kamata et
al., 1994, 1999; Kern et al., 1994; Edwards et al., 1995;Summary
Huang and Springer, 1995; Zhang and Plow, 1997, 1999;
Li et al., 1998; Smith et al., 2000). Comparison betweenWe have determined the crystal structure of a complex
between the I domain of integrin a2b1 and a triple two different crystal forms of the aM-I domain led us to
propose that affinity regulation occurred via changes inhelical collagen peptide containing a critical GFOGER
motif. Three loops on the upper surface of the I domain metal coordination at the MIDAS motif that were linked
to tertiary changes in the domain (Lee et al., 1995b).that coordinate a metal ion also engage the collagen,
with a collagen glutamate completing the coordination The a2b1 integrin is expressed on several different
cell types, where it is a receptor for collagen and laminin.sphere of the metal. Comparison with the unliganded
I domain reveals a change in metal coordination linked It is required for the arrest of platelets under conditions
of blood flow on the collagen fiber surface exposed as ato a reorganization of the upper surface that together
create a complementary surface for binding collagen. consequence of injury (Sixma et al., 1997). Recombinant
a2-I domain exhibits specific binding to the fibrillar colla-Conformational changes propagate from the upper
surface to the opposite pole of the domain, suggesting gens and, like the complete receptor, binds in a cation-
dependent manner, being supported by magnesium orboth a basis for affinity regulation and a pathway for
signal transduction. The structural features observed manganese but not by calcium (Tuckwell et al., 1995;
Dickeson et al., 1997). We previously determined thehere may represent a general mechanism for integrin±
ligand recognition. structure of the a2-I domain in the absence of ligand
(Emsley et al., 1997) and showed that it contains an
additional helix, called the C helix, protruding from theIntroduction
upper surface of the domain. Modeling studies with a
collagen-like peptide suggested that the C helix wouldIntegrins are the principal family of cell surface proteins
play an important role in ligand binding.that interact with the extracellular matrix. These interac-
A specific collagen motif recognized by the a2-I do-tions control the adhesion and migration of cells, as well
main has recently been identified as the hexapeptideas the transduction of signals that regulate cell growth
GFOGER (O 5 hydroxyproline) within the context of aand differentiation (Hynes, 1992). Integrins are ab heter-
collagen triple helix (Knight et al., 2000), and this findingodimers with a generally conserved structure. Cryoelec-
has allowed the design of a collagen fragment suitabletron microscopy shows that they have an extracellular
for cocrystallization. The recurrent themes of integrin:globular head, z70 AÊ in diameter, comprising the N-ter-
ligand interaction are critical roles for metal ions andminal regions of both a and b chains, connected via a
ligand acidic residues, and the regulation of ligand affin-long (z100 AÊ ) rigid stalk to a pair of membrane-spanning
ity. The crystal structure of an authentic integrin:ligandhelices and short C-terminal cytoplasmic tails (Erb et al.,
fragment presented here demonstrates unequivocally a1997). The adhesiveness of their extracellular domains is
central and direct role for both the metal ion and a ligandallosterically controlled by binding events in the cyto-
glutamic acid, and the existence of ligand-induced con-plasmic tails that trigger conformational changes across
formational changes underlying affinity regulation.the plasma membrane (ªinside-outº signaling); under
certain conditions, ligand binding to the extracellular
Results and Discussiondomains can trigger an intracellular signal (ªoutside-inº
signaling).
Structure Determination
We predicted, based on computer docking, that the§ To whom correspondence should be addressed (e-mail: rlidding@
burnham-inst.org). glutamic acid side chain of the GFOGER collagen motif
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would coordinate the metal ion in the MIDAS motif. We of the collagen peptide (Figure 1). Loop 1 (bA-a1) con-
tains the conserved DxSxS sequence (residues 151±155);therefore designed the shortest peptide that would fold
into a stable triple helix and that had the glutamate at D151 makes a water-mediated bond to the metal, while
S153 and S155 form direct bonds through their hydroxylits center. We synthesized a 21-residue peptide with the
sequence [Ac-(GPO)2GFOGER(GPO)3-NH2] and showed oxygens. Loop 2 (a3-a4) contains a threonine residue
(T221) that directly coordinates the metal through itsthat it folds into a triple helix with a melting temperature
of 228C. By performing experiments at 48C, we made a hydroxyl oxygen. Loop 3 (bD-a5) contains two acidic
residues (D254 and E256) that make water-mediatedstable complex by mixing the components, which crys-
tallized and diffracted X-rays to 2.1 AÊ resolution. Crystals bonds to the metal. One of the carboxylate oxygens
from the collagen glutamate also forms a direct bondgrew in the presence of several different metals, includ-
ing the physiological cation, Mg21. The crystal used for to the metal, and two water molecules complete an
octahedral coordination sphere around the metal. Thehigh resolution data collection grew in the presence of
Co21, which supports collagen adhesion in vitro (data metal-ligand bond distances are all 2.3 6 0.1 AÊ . The
three I domain metal-coordinating residues (two serinesnot shown). The structure was solved by using molecular
replacement of the unliganded a2-I domain and phase and a threonine) lack a formal negative charge, which
should leave the metal ion strongly electrophilic andrefinement using a molecular mask that included the
predicted location of the peptide (see Experimental Pro- able to form a strong bond to the collagen glutamate.
The details of the metal coordination are different fromcedures). The final model includes the I domain, a metal
ion, and three strands of the collagen-like peptide, which those of the unliganded a2-I domain, but are very similar
to those seen in the crystal structure of the aM-I domainbind to the I domain in a unique orientation and relative
strand stagger. with a ligand mimetic (Lee et al., 1995a) (see below).
The MIDAS residues D151, S153, T221, and D254 have
all been shown by mutagenesis to be required for colla-
Structure of the Collagen Peptide gen binding to the intact integrin (Kamata and Takada,
The three 21-residue peptides fold into a fairly straight, 1994), and our crystal structure shows that they exert
right-handed triple helix, 65 AÊ in length and z12 AÊ in their functional effect via disruption of metal binding.
diameter. The structure is consistent with the features The geometry of the coordination site explains why Ca21
determined from fiber diffraction studies of native colla- does not support binding: Ca21 is larger than Mg21, and
gen (Kadler et al., 1996). It is also similar to that seen cannot be stably coordinated by a preponderance of
in crystals of the collagen-like peptide (GPO)3GITGAR- ligands carrying only a partial negative charge, since
GLA(GPO)3 (Kramer et al., 1999); thus, the interchain they cannot approach closely enough to make strong
hydrogen bonding follows the same pattern, and the electrostatic bonds.
helical twist varies in a similar fashion, with the central
GFOGER sequence approximating to 107 helical symme- Structure of the I Domain:Collagen Interfacetry and the flanking imino-rich regions (i.e., those regions
The collagen peptide binds across the front upper edgerich in proline and hydroxyproline) approximating to 75 of the I domain, with a footprint 25 AÊ long and 10 AÊ wide.symmetry. A distinct bend is observed following the
The interface buries a total of 1230 AÊ 2 of the collagen andGER triplet, at the boundaries between the 107 and 75 I domain surfaces (Figures 1 and 2). The three MIDASregions. This bend does not affect potential collagen±I
loops that coordinate the metal ion also provide the sidedomain contacts, and may be the result of crystal con-
chains that engage the collagen, forming a complemen-tacts.
tary surface with the contours of the triple helix. TheThe collagen triple helix has a one residue stagger
majority of interactions are with the middle strand of thebetween adjacent strands so that, although the peptide
collagen, with fewer from the trailing strand and noneis a homotrimer, the environment of analogous residues
from the leading strand. The middle strand glutamatein each strand is unique. We call the three strands ªlead-
coordinates the metal, as noted above, while the middleing,º ªmiddle,º and ªtrailing,º as viewed from their N
strand arginine salt bridges to D219 from loop 2. Thetermini (shown in blue, yellow, and green in Figure 1A).
middle strand phenylalanine sits on a surface dimpleNo intracollagen salt bridges are formed by the glutamic
formed by the I domain side chains Q215 and N154.acids and arginines. Four of the nine non-imino collagen
The trailing strand phenylalanine makes hydrophobicside chains make no contacts with the I domain or colla-
contacts with Y157 and L286, while the arginine lies ingen: thus, the phenylalanine and glutamate from the
an acidic pocket close to conserved E256, but is not saltleading strand point into solution in extended conforma-
bridged. Direct H-bonding interactions with the collagentions, while arginine from the leading strand and gluta-
main chain are from N154 and Y157 in loop 1, and frommate from the trailing strand make lattice contacts. The
H258 in loop 3 (Figure 1B). We think that the trailingleading strand arginine hydrogen bonds to the main
strand does not coordinate the metal because it lackschain carbonyl group of a glycine from the middle strand,
a parallel arginine on an adjacent strand that would sitin a conformation similar to that observed in crystals of
in the acidic pocket. There is no obvious reason whythe collagen-like peptide (Kramer et al., 1999).
the leading strand glutamate could not coordinate
metal, and the choice may be dictated by crystal packing
considerations.Structure of the MIDAS Motif
The metal ion in the MIDAS motif is coordinated by side The parent integrin recognizes both single collagen
triple helices as well as fibrils. We therefore modeled achains from three loops on the upper surface of the
domain and by a glutamic acid from the middle strand fibril based on the packing of collagen-like peptides
Structure of a2-I Domain:Collagen Complex
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Figure 1. Structure of the I Domain:Collagen Complex
(A) Stereo diagram of the a2-I domain in complex with the collagen peptide. The I domain helices are shown as cylinders, b strands as arrows.
The three strands of the collagen triple helix are shown as colored ribbons: leading strand in green, middle strand in yellow, and trailing strand
in blue. Figures drawn with MOLSCRIPT, RENDER, and RASTER3D (Bacon and Anderson, 1988; Kraulis, 1991; Merrit and Murphy, 1994).
(B) Close-up of Figure 1A, showing details of the I domain collagen interface. Selected side chains are shown as ball-and-stick, with H bonds
as dotted lines. The metal ion is shown as a blue ball labeled ªM.º The principal interactions with the middle strand GFOGER motif (yellow)
are: phenylalanine makes van der Waals contacts with side chains of N154 and Q215; the hydroxyproline carbonyl hydrogen bonds to N154;
the glutamate bonds to the metal and H-bonds to T221; the arginine side chain salt bridges to D215, while its carbonyl H-bonds to H258.
The principal interactions with the trailing strand GFOGER motif (blue) are: the main chain carbonyl preceding the GFOGER motif H-bonds
to Y157; the phenylalanine makes van der Waals contacts with L286 and Y157; the hydroxyproline H-bonds to N154 main chain; the arginine
makes weak ionic interactions with E256. The leading strand (green) makes no contacts with the I domain.
(C) Stereo diagram of the MIDAS motif. The metal ion is shown as a blue ball. Coordinating side chains are shown as ball-and-stick, with
oxygen atoms in red, carbon in black. Water molecules are labeled ªvº; the collagen glutamate is in gold. The three loops (L1, L2, and L3)
coordinating the metal are shown schematically as gray ribbons. E256 from L3, which forms an indirect bond via the equatorial water, has
been removed for clarity. The figure is rotated about a vertical axis by 1808 relative to Figure 1B. Compare Figure 5 in Lee et al., 1995a.
observed in crystals (Bella et al., 1994), which pack with predicts that the I domain can engage a collagen fibril
without steric clashes; furthermore, residues formerly ina center-to-center distance of z15 AÊ , the same as in
native fibrils (Kadler et al., 1996). Our model (not shown) the C helix, in particular N287 and N289, are exposed
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Figure 2. Surface Views of the I Domain:Collagen Complex
(A) Solvent-accessible surface (Nicholls, 1992) of the I domain colored according to surface charge (blue 5 positive, red 5 negative), with
the collagen shown as all-atom ball-and-stick colored by strand: leading (green), middle (yellow), and trailing (blue). View is similar to that in
Figure 1.
(B) Close-up of Figure 2A. Note the positively charged hole, created by the metal ion, into which the middle strand collagen glutamate (E)
inserts. The middle strand phenylalanine (F) sits in a surface dimple, while the middle strand arginine (R) forms a salt bridge.
(C) Top view of complex, showing how collagen binds to the upper front edge of the I domain.
(D) Same view as (C), but showing the collagen footprint (green highlight on a gray surface).
at the top of the domain and are in a position to make loop 2 in order to make a direct bond with T221. MIDAS
loop 1 follows the movement of the metal in order tohydrogen-bonded contacts to a second triple helix.
maintain its direct bonds via S153 and S155. MIDAS loop
3 undergoes a radical rearrangement: the side chain ofConformational Changes in the a2-I Domain
Comparison between the collagen-bound and unli- D254 moves laterally so that its direct bond to the metal
is lost; the G255 peptide bond flips by 1808 so that itsganded a2-I domain shows that the central b sheet does
not change its conformation (rmsd on Ca 5 0.35 AÊ for Ca moves z4 AÊ away from the metal ion; and E256
forms a new water-mediated bond to the metal. Thestrands A±D), and this overlap provides a convenient
reference frame for structural comparison. Subtle changes movement of loop 1 toward loop 3 brings the side chains
of Y157 and H258 3 AÊ closer together such that theyin metal coordination are linked to extensive secondary
and tertiary changes that create a complementary sur- both fit into grooves of the triple helix.
The shift of loop 1 and the rearrangement of loop 3face for binding collagen. The principal conformational
changes occur in three regions (Figures 3 and 4). These trigger a reorganization of the C helix and a7 helix. Loop
1 is packed against a7 in the unliganded structure, andare (1) a movement of the MIDAS loops and helix a1 as
a direct consequence of a change in metal coordination; the large concerted movement of loop 1 and helix a1
appears to ªsqueeze outº the a7 helix, and it drops(2) a novel ªslinkingº motion between the C helix and
helix a6, which opens up the collagen binding site; and downwards by 10 AÊ . This movement breaks a partly
buried salt bridge between E318 from a7 and R288 from(3) a large shift of the C-terminal helix, a7, which propa-
gates structural changes to the opposite pole of the the C helix. The flip of loop 3, which is packed closely
against helix a6, forces a rearrangement of the sidedomain.
The structural changes on binding ligand may be de- chain of the buried L296 that would create a close con-
tact with L286 from the C helix. In response to the stericscribed as follows. The metal ion moves 2.6 AÊ toward
Structure of a2-I Domain:Collagen Complex
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Figure 3. Two Conformations of the Integrin a2-I Domain
Regions of large structural change between the two conformations are drawn in red, viewed looking down onto the MIDAS face. The major
structural movements are indicated by green arrows. These are (1) a concerted movement of helix 1, loop 1 (L1), and the metal ion toward
L2, together with a rearrangement of L3; (2) a large downward shift of helix a7; and (3) a slinking motion between helices aC and a6, in which
the C helix loses a turn of helix while helix a6 gains one. Note the large movement of Y285 (labeled in red) as a consequence of C helix
unwinding.
pressure between these leucines, and the loss of the et al., 1998). It is unlikely that the MIDAS motif observed
in the collagen complex would be stable in the absencestabilizing E318-R288 salt bridge, the C helix unwinds
while the connecting loop coils up to form an extra turn of metal, since seven side chains with full or partial
negative charges are brought into close apposition. Fur-at the N terminus of helix a6. The uncoiling of the C
helix produces a dramatic 1808 rotation and shift of thermore, crystal structures of the I domain in the ab-
sence of metal closely resemble the ªunligandedº metal-Y285, such that its hydroxyl oxygen moves by 17 AÊ from
its location above the MIDAS motif to form a hydrogen bound structure (Qu and Leahy, 1996; Nolte et al., 1999).
This suggests that metal-independent binding occursbond with S316 at the top of the repositioned a7. By
contrast, L286 moves 4 AÊ toward the collagen, where it to the ªunligandedº conformer, and is likely to involve
different collagen sequences.makes van der Waals contacts with the trailing strand
phenylalanine, and R288 moves 6 AÊ closer to the MIDAS
motif, where it forms a water-mediated salt bridge to Similarity to Conformational Changes
in the aM-I DomainD254.
We modeled both a single collagen triple helix and a The aM-I domain does not recognize collagen. Never-
theless, the structural transition observed here for thefibril onto the unliganded crystal structure by superim-
posing the central b sheets of the I domain (data not a2-I domain, in which large conformational changes are
linked to a change in metal coordination, is remarkablyshown). This procedure generates only a few steric
clashes, and these can be relieved by side chain rota- similar to that previously seen in two crystal forms of
the aM-I domain (Lee et al., 1995b) (Figure 4). In onetions; the C helix tyrosine, for example, appears to make
reasonable hydrogen bonds with the collagen main crystal form of the aM-I domain, the glutamate from a
neighboring I domain in the crystal lattice completedchain. However, the metal ion is located too far from
the glutamate to make a direct bond, and a movement the coordination sphere of the metal ion. Given the exis-
tence of critical glutamates and aspartates in the inte-of the collagen toward the metal ion would create severe
steric clashes with the C helix, particularly with Y285. grin-binding motifs of most integrin ligands, it was pro-
posed that the glutamate was acting as a ligand mimeticThis suggests that the role of the C helix is to inhibit the
formation of a strong collagen-metal bond. The long (Lee et al., 1995a). The MIDAS structure in this ªligand-
mimeticº crystal form of aM is identical to that in therepetitive nature of collagen suggests the existence of
multiple binding sites with a broad spectrum of binding a2-I domain-collagen complex, and the coordinating
glutamate carboxylate group makes analogous hydro-affinities, and this has been demonstrated experimen-
tally (Rich et al., 1999). The C helix is absent in the aL gen bonds to those of the collagen glutamate (compare
Figure 1C with Figure 5 in Lee et al., 1995a). A secondand aM-I domains, which bind globular domains on their
counterreceptors, and might have evolved for the spe- crystal form of the aM-I domain grown under different
conditions lacked the ligand mimetic, and the structurecial task of blocking nonspecific collagen binding.
In vitro studies have shown that under static condi- of the MIDAS motif in that case is identical to that in
the unliganded form of the a2-I domain (Emsley et al.,tions collagen binding can occur in a cation-indepen-
dent fashion while binding under conditions of flow, 1997). Furthermore, the changes in tertiary structure be-
tween the two crystal forms of the aM-I domain aredesigned to mimic those in vivo, is always cation-depen-
dent (Zijenah et al., 1990; Morton et al., 1994; Nakamura nearly identical in both magnitude and direction to those
Cell
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Figure 4. Comparison of Conformational
Changes in the a2- and aM-I Domains
(A) Structural transitions in a2 (left) and aM
(right) I domains, viewed from the side. Re-
gions of large structural changes are shown
in blue (open/liganded) and yellow (closed/
unliganded); the C helix of a2-I is in orange;
regions of limited structural change are in
gray. Red arrows denote the directions of
structural change on binding ligand, in heli-
ces a1, a7, and aC. The aM-I domain does
not contain a C helix, but helix a6 undergoes
a substantial shift.
(B) Close-up of structural changes at the
MIDAS motif, viewed from the top (a2 at left,
aM at right), with regions of large structural
change in blue and yellow, as above. Arrows
denote direction of change on binding ligand.
The movement of the metal ion breaks the
bond with D254 (D242 in aM), while a new
bond to T221 (T209) is formed. L1 moves in
concert with the metal in order to maintain
direct coordination by S153 and S155 (not
shown), while L3 undergoes a rearrangement.
(C) Shift in Ca positions (AÊ ) along the chain
for the a2- and aM-I domains. Note the re-
markable similarity of the changes, particu-
larly in the regions L1, L3, and a7. aM lacks
a C helix, which is a region of large change
in a2, but the adjacent helix a6 lies at a local
maximum in aM. Overlap is on the central b
sheet: residues 143±153 (bA), 179±198 (bA
and bC), and 246±253 (bD) with an rmsd of
0.35 AÊ for Ca atoms for a2-I; and residues
132±140, 167±241, and 245±265 with an rmsd
of 0.46 AÊ for aM-I.
observed here between unliganded and collagen-bound binding will be a feature of all integrin I domains, and
that, for example, hypothetical models of the aL-I do-a2-I domain. In both cases, there is a switch in metal
coordination in which a direct bond to a threonine is main in complex with ICAM-1 (Bella et al., 1998; Edwards
et al., 1998) will need revision.gained while a direct bond to an aspartic acid is lost.
These changes are linked to the downward movement
of the C-terminal helix that propagates the change in Determinants of Collagen Binding
Our structure demonstrates conclusively that the metalthe upper surface to the lower surface of the domain.
Note that different metals were used in each case, so ion and collagen glutamate play a central and direct
role in ligand binding, thus contradicting an alternativethat the choice of metal, while it may shift the equilibrium
in favor of one or the other conformation, does not ap- hypothesis of ªcation displacementº on ligand binding
(Dickeson et al., 1998; Nolte et al., 1999). The buriedpear to affect the details of a given conformation. The
somewhat longer bond-lengths in the Co21-bound a2-I surface area on complex formation is at the lower limit
of known protein±protein interfaces. The reasonable af-domain compared with the Mg21 bound aM-I domain
(2.3 versus 2.1 AÊ ) are accommodated by small side chain finity of the interaction (Kd 5 35±90 nM; Jung and Moroi,
1998) probably reflects the unusually strong bondsmovements with no systematic shifts of the MIDAS
loops. formed by the metal bridge. Indeed, the conservative
substitution of collagen Glu to Asp in the GFOGER motifThese similarities strongly support our proposal that
the two conformations of the aM-I domain represent the eliminates binding (Knight et al., 2000), because the
aspartic acid is too short to reach down to bind to theunliganded and liganded conformations, and that the
crystal contact was an informative (Liddington and partly buried metal ion.
The collagen arginine is required for high-affinity bind-Bankston, 1998) rather than irrelevant (Baldwin et al.,
1998) artifact. The close similarities also suggest that ing (Knight et al., 2000). Two of the arginines may con-
tribute to specific binding: the middle strand argininethe conformational changes observed here on ligand
Structure of a2-I Domain:Collagen Complex
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Other GxOGER-containing motifs are often found in
these and other collagens, and may account for the
ability of several loci in the collagens to bind a2b1 (Mor-
ton et al., 1994), especially if a hydrophobic amino acid
occurs at the x position.
The critical I domain residues, confirmed by mutagen-
esis (Kamata et al., 1999; Smith et al., 2000), lie on the
three loops that both coordinate the metal ion and make
direct H bonds and salt bridges to the collagen. The
MIDAS motif and much of the collagen-binding surface
are strictly invariant amongst the collagen-binding I do-
main integrins (a1, a2, a10, and a11), suggesting that
these integrins will all engage collagen in a similar fash-
Figure 5. Hypothetical Model of Integrin Allostery
ion, with a strict requirement for glutamate in the colla-
We propose that the integrin is in equilibrium between two quater-
gen motif. The periphery of the binding surface is morenary conformations: a low-affinity state and a high-affinity state
variable, however, which could explain the modest colla-(Loftus and Liddington, 1997). In the low-affinity state, the a-I domain
gen type specificities between the a1b1 and a2b1 inte-may be held in the closed conformation by its contacts with the
7-fold repeat region of the a subunit (a-R) (Springer, 1997) and by grins. For example, the aspartic acid from loop 2 that
its contacts, either direct or indirect, with the b subunit I-like domain salt bridges to the collagen arginine in the a2-I domain
(b-I) (Lee et al., 1995a). The low-affinity state may be stabilized by is replaced by an arginine in the a1-I domain, so that
salt bridges between the cytoplasmic tails (Hughes et al., 1996).
while the a1b1 integrin is able to bind to the sameOutside-in signaling could occur if collagen binding induced the
GFOGER motif as a2b1 in collagen type I, it recognizesconformational change in the a-I domain, altering the position of
a higher affinity (but so far uncharacterized) motif inthe C-terminal helix and breaking the contacts with a-R and b-I.
This could then propagate in a scissor-like action (O'Toole et al., collagen type IV (Knight et al., 2000).
1994) to the cytoplasmic tails. While other sorts of relative motion
are possible, biophysical support both for the arrangement of the
Integrin Affinity Regulation and Signal Transduction
a-R and b-I subunits and for the scissor-like action comes from
The astonishing similarity between the structuralrecent electron microscopy and hydrodynamic studies of integrin
changes seen in the a2- and aM-I domains suggests thataIIbbIII (Hantgan et al., 1999). The a-R:b-I contact is also suggested
by the inability of either a-R or b-I to fold in the absence of the there are just two principal conformations for I domains,
other chain (Huang and Springer, 1997; Huang et al., 1997), by the ªopenº and ªclosedº (Figure 3). The ªopenº conforma-
existence of several naturally occurring mutations clustering in b-I tion is seen in the presence of ligand or ligand mimetic,
that block a±b association (Bilsland and Springer, 1994), and by
while the ªclosedº conformation is seen in the absencestudies on the binding of fibronectin which place a-R and b-I in
of ligand. It therefore appears to be the formation of aclose proximity (Mould et al., 1997). Inside-out signaling could occur
strong ligand-metal bond, requiring a change in metalwhen an intracellular protein that bound to and sequestered one of
the cytoplasmic tails (Kolanus et al., 1996; Kashiwagi et al., 1997; coordination, that triggers the conformational switch.
Calderwood et al., 1999) altered the separation between the tails and While lack of surface complementarity is likely to play
thus, via the scissor-like motion, altered the separation or relative a role, we suggest that a major barrier to high-affinity
orientation of the a-R and b-I domains. This would release the inter-
ligand binding in the closed conformation is the directsubunit restraints on the a-I domain, allowing the large movement
coordination of the metal by an aspartic acid from theof the C-terminal helix, a7, and associated structural changes that
I domain, which reduces its electrophilicity. In the casechange the metal coordination and unwind the C helix, creating the
open conformation that binds collagen with high affinity. of the a2-I domain, the C helix provides an additional
steric barrier in the ªclosedº conformation to the attain-
ment of the metal±ligand bond.
Two studies support the hypothesis that the open andmakes a salt bridge to I domain D219, which is critical
as judged by mutagenesis of the aspartic acid (Kamata closed conformations equate with high- and low-affinity
states. Mutants of the aM-I domain that are predictedet al., 1999; Smith et al., 2000); the arginine on the trailing
strand points toward an acidic pocket, and although it on structural grounds to destabilize the closed confor-
mation and favor the open conformation increase thedoes not make a specific salt bridge, it may also make
important ionic interactions. Two of the collagen phenyl- affinity for the ligand C3bi (Li et al., 1998). The epitope
for an antibody that binds only to the high-affinity formalanines pack against the surface of the domain. The
requirement for phenylalanine has not been thoroughly of the aMb2 integrin maps to loop 1 and helix a7 of the
I domain (Oxvig et al., 1999), a region that undergoestested, and it is likely that other hydrophobic groups
could substitute; replacement by proline, however, ab- extensive conformational changes between the closed
and open forms. These observations suggest that therogates binding (M. J. B., unpublished). The hydroxypro-
line of the GFOGER motif (trailing strand) is buried in conformational changes we observe in crystals of the
recombinant I domain also occur within the context ofthe interface, and replacement with a larger side chain
is likely to create a steric clash that reduces collagen the parent molecule.
This in turn suggests that affinity regulation in thebinding.
The a2b1 integrin recognizes several collagen types. integrin is provided by quaternary contacts that restrain
these conformational changes in the I domain, and, con-The GFOGER motif occurs only in the a1 strands of
the fibrillar collagens, types I and IV. It is likely however versely, that ligand binding could provide the trigger for
quaternary structural changes (Figure 5). Several linesthat the sequence, GAOGER, residues 511±516 of colla-
gen III, represents another a2b1 recognition sequence. of evidence point to the quaternary contacts occurring
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crystals appeared after 2±4 days and had flattened rod-like morphol-between the body of the integrin and the lower surface
ogy with dimensions 0.025 3 0.025 3 0.1 mm3. The crystals adoptof the I domain, at the opposite pole from the ligand-
space group P212121 with cell dimensions a 5 42.0 AÊ , b 5 48.4 AÊ ,binding surface. Thus, mutations that lead to a constitu-
c 5 114.5 AÊ . Crystal growth was dependent on the presence and
tively active integrin map to this lower surface (Zhang concentration of divalent cation but was unaffected by the cation
and Plow, 1996; Oxvig et al., 1999), presumably by de- species. Similar crystals grew in the presence of Mg21, Mn21, Co21,
Cd21, Ni21, and Zn21 ions. Larger single crystals were rare and im-stabilizing the interface that normally locks the C-termi-
proved only marginally by making small changes in the cation con-nal helix in the closed conformation. The recent structure
centration and the protein:peptide ratio. Data were collected at thedetermination of the aL-I domain in complex with the
Daresbury Synchrotron Radiation Source using a single crystal flashinhibitor lovastatin (Kallen et al., 1999) reveals that lova-
frozen in a cryo-stream of nitrogen at a temperature of 100 K. Data
statin binds in a hydrophobic pocket at the base of the set native I was collected from station 9.6 using the Quantum4 CCD
domain, between the b sheet and the C-terminal helix, detector to 2.5 AÊ resolution. This crystal was grown in 1 mM ZnCl2
using a protein to triple helical peptide ratio of 1:2.5. A high-resolu-and we suggest that lovastatin inhibits aLb2 integrin
tion data set to 2.1 AÊ resolution (native II) was subsequently collectedfunction allosterically by preventing the C-terminal helix
on SRS station 7.2 using a MAR345 scanner. This crystal was grownshift required for the domain to adopt the open confor-
in 1 mM CoCl2 using a protein to peptide ratio of 1:1.6. Data weremation that would bind ICAM with high affinity.
reduced with DENZO and scaled with SCALEPACK (Otwinowski,
These data are highly reminiscent of the natural type 1993). The overall I/sI for native II is 12.0 (2.9 in 2.17±2.1 AÊ shell)
IIB mutants in the plasma protein von Willebrand Factor with an Rmerge of 8.9% (34.4% in outer shell), an average redundancy
of 2.9, and completeness of 98.2% in the range 20±2.1 AÊ (14,483that lead to constitutively high-affinity ligand binding
reflections).(Sadler et al., 1995). The A1 domain of vWF has an
identical fold to the integrin I domain (although it does
not bind metal), with the ligand binding surface at the Structure Determination and Refinement
Molecular replacement was performed on the native I data set withtop of the domain and the activating mutations at the
AMORE (Navaza, 1994) using the crystal structure of the uncom-bottom (Emsley et al., 1998). A common feature here is
plexed a2-I domain as the search model. A clear solution was foundthat the A/I domains function in the plasma and are
in the cross rotation function and subsequent translation function.
involved in the tightly regulated binding of cells to the The initial Rwork was 52.0% with an Rfree of 54.2%. A 2Fo-Fc electron
subendothelial matrix under conditions of high flow/ density map calculated at 2.5 AÊ was of high quality with changes
shear. The high-affinity conformation, with its large in the MIDAS motif readily apparent. Little density for the collagen
peptide could be observed in the 2Fo-Fc or Fo-Fc map at this stage.movement of the C-terminal helix, is more extended or
Several rounds of model building and refinement of the I domainªstretchedº than the low-affinity conformer. The exis-
using XTALVIEW (McRee, 1999) and CNS (Brunger et al., 1998) re-tence of bonds that strengthen when tensile force is
sulted in greatly improved density for several regions of the domain
applied (ªcatch bondsº) have been predicted theoreti- that had undergone structural change. Following rebuilding of the
cally (Dembo et al., 1988). Does the conformational I domain, some density for the collagen peptide was apparent in
stretching observed here provide a molecular basis for the 2Fo-Fc and Fo-Fc electron density maps. Solvent flattening using
a molecular mask constructed to encompass the predicted peptidesuch bonds?
region provided unbiased improvement of the peptide electron den-
sity, and 24 alanine residues were inserted. At this stage the identifi-Implications for Integrin:Ligand Recognition
cation of hydroxyproline hydroxyl groups in the C-terminal GPO
Our results suggest that the metal bridge between the triplets allowed the correct assignment of the collagen chain direc-
integrin and an acidic residue in the ligand will be a tion. Identification of GFOGER side chain density and the C-terminal
general and critical feature of I domain±ligand interac- ends of each chain allowed correct positioning of the leading, mid-
dle, and trailing strands. Several rounds of model building and refine-tions. Not all integrins possess an a subunit I domain,
ment allowed complete identification of the collagen peptides. Atbut they all contain a region in their b subunits that we
this stage data to 2.1 AÊ resolution became available from the nativehave proposed to contain a MIDAS-like motif (Lee et al.,
II data set showing an initial Rwork of 38.6% and an Rfree of 47.1%1995a). In the b3 integrins, for example, this is the site against the refined model. Further cycles of model building and
for binding the matrix proteins containing the RGD motif. refinement, including the insertion of 398 water molecules, gave a
It seems increasingly likely that the aspartic acid of the final Rwork of 0.203 and Rfree of 0.276 (5% of the reflections). The rms
deviations from ideal bond length and angles are 0.006 AÊ and 1.418.RGD motif will coordinate a metal ion in a similar fashion
Good density is observed for I domain residues 142 to 326 and forto that observed here for the collagen glutamate, and
all collagen residues, although the N-terminal GPO triplet of eachthat analogous conformational changes triggered by a
strand is more mobile than the others. The coordinates and structure
subtle change in metal coordination will underlie affinity factors have been deposited with the Protein Data Bank (see below).
regulation and signal transduction in all integrins.
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